Gambelli CN, Theisen D, Willems PA, Schepens B. Motor control of landing from a countermovement jump in simulated microgravity. J Appl Physiol 120: 1230 -1240, 2016. First published February 4, 2016 doi:10.1152/japplphysiol.00993.2015Landing from a jump implies proper positioning of the lower limb segments and the generation of an adequate muscular force to cope with the imminent collision with the ground. This study assesses how a hypogravitational environment affects the control of landing after a countermovement jump (CMJ). Eight participants performed submaximal CMJs on Earth (1-g condition) and in a weightlessness environment with simulated gravity conditions generated by a pull-down force (1-, 0.6-, 0.4-, and 0.2-g0 conditions). External forces applied to the body, movements of the lower limb segments, and muscular activity of six lower limb muscles were recorded. 1) All subjects were able to jump and stabilize their landing in all experimental conditions, except one subject in 0.2-g 0 condition.
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NEW & NOTEWORTHY

For the first time, the mechanism of landing from a jump is investigated in weightlessness with simulated gravity conditions (1-0.2 g). Even if this environment is far from the usual Earth's gravitational field, humans adjust their motor command to the task constraints. Kinetic, kinematic, and electromyographic observations enlarge the knowledge of the plasticity of the human motor system for the exploration of Moon, Mars, and other planets with different gravity.
LIFE EVOLVED UNDER THE OMNIPRESENCE of the gravity field, which plays an essential role in the development of the neuromuscular behavior during movement. This implies specific body orientation in space, antigravity muscle tone, and specific rules of motion in the gravity field. Since the early 1960s, several studies have been conducted on Earth in preparation for lunar expeditions [Lunar Landing Research Facility, the National Aeronautics and Space Administration's (NASA) Langley Research Center, Hampton, VA]. These observations have revealed that the control of movement is altered, especially the control of posture during walking, running, jumping, or climbing up or down ladders (Moonwalks & Lunar Gymnastics: "Study of Man's Movement with a Space Suit in Lunar Gravity," 1964, NASA, https://www. youtube.com/watch?vϭCfssOB53Sfo, accessed November 16, 2015) . In real hypogravity, such as on the Moon (0.16 g), Apollo astronauts adopted a gait uncommonly used on Earth, a pattern called loping, which consists "of skipping without a support-foot exchange" (23) . This opens the question of how humans tune the motor control when gravity is reduced.
During landing from a jump on Earth, both stretch reflex and preprogrammed muscular activity contribute to the deceleration of the downward motion of the body (6, 16, (24) (25) (26) . The preprogrammed muscular activity is controlled by the central nervous system based on the expected instant of touchdown (TD), time history, and magnitude of the ground reaction force (12, 24) . When the height of the jump is increased, impact forces increase (5, 13, 14, 20, 25, 26, 29) , and the landing behavior is modified, i.e., the muscular activity before and after TD (1, 24, 26) , as well as the range of motion of the hip and the knee during landing are increased (20, 29) . Sensory information from the visual, vestibular, and proprioceptive systems contribute to this predictive behavior. Because humans are born and developed under the constant acceleration of 1 g on Earth, the central nervous system presumably perceives gravity as a constant parameter. One example supporting this argument is the experiment of McIntyre et al. (17) showing that anticipatory motor responses to catch a ball in weightlessness are too early relative to the impact time of the ball. As suggested by the authors, this maladjustment is probably due to the expected but absent acceleration of the ball in such environment (17) .
The otolith organs of the vestibular system are sensitive to linear accelerations and contribute to the motor control of landing. For example, a deprivation of vestibular information prevents cats from landing without ventral or nose touch (19) . This suggests that, even when vision is available, vestibular information provides critical cues during landings in cats. To our knowledge, landing from a jump has never been investigated in a situation where the acceleration of gravity is nil (due to a weightlessness environment) while the subject is attracted downward by a pull-down force. This situation would induce a "static" otolithic input equal to zero, whereas the otolithic "dynamic" input and the proprioceptive input will depend on the magnitude of the pull-down force.
Ivanenko et al. (11) have shown that humans adapt their walking pattern to reduced simulated gravity: electromyographic (EMG) activity of antigravity muscles as well as impact and propulsive forces decrease with reduced gravity level. They also report an augmented intrasubject variability of the limb movements. Because skilled performance in a motor task is typically associated with low level of variability (21) , this observation suggests an altered control of lower limb segments with decreased simulated gravity.
The general objective is to study the effect of altered sensory inputs on the motor control of landing from a countermovement jump (CMJ). We first compare the strategy on Earth vs. in simulated 1 g during weightlessness induced by parabolic flights, i.e., when the otolithic static input equals zero but the acceleration of the body will remain the same as on Earth. In this case, conflicts may "arise"; the instant of TD may not be predicted appropriately and may thus alter the control of landing. We expect a strategy of augmented "safety margin," such as an augmented stiffness and EMG activity. Next, we assess how this strategy is modified when decreasing the gravity level. In this case, proprioceptive inputs would decrease during the push-off as well as the downward acceleration of the body during the aerial phase. We expect a new landing strategy with decreased stiffness and EMG activity, to cope with decreased gravity levels. In addition we expect that the intrasubject variability of the movement would increase since sensory inputs are altered.
METHODS
Subjects and Experimental Procedures
Three female and five male subjects ( The experimental procedures, setup, and signal processing were similar to those detailed by Gambelli et al. (9) and will only be described briefly here. Each subject participated to two experimental sessions as follows: first a control session in "normal gravity" in the laboratory and second a "microgravity session" during parabolic flight maneuvers in an airplane (see below). During each session, subjects were instructed to perform several recordings during which two to four CMJs were achieved, interspersed by ϳ3 s of quiet standing posture. Subjects were asked to push off and land on both feet, to maintain their hands on their hips, and keep the gaze horizontal. For technical and safety reasons, subjects were instructed to jump without touching the ceiling. No instructions were given about the speed of the movement and the style of landing. A trial was considered nonvalid if the participant touched the ceiling or any object in his/her surroundings, rebounded on the ground (i.e., if there was a second aerial phase after TD), or moved the arms during landing.
Recordings on Earth (1-g Condition)
The control sessions (1-g condition) were performed in the laboratory on Earth. Before recordings, subjects performed several CMJs to become familiarized with the procedures. Next, 25 CMJs were recorded as reference traces. A 1-min rest period was provided every two to four CMJs.
Recordings in the Aircraft (g 0 Condition)
The experimental sessions (g0 condition) were performed aboard the Airbus A300 ZERO-G aircraft owned by NOVESPACE (Bordeaux, France) during the 55th and 56th Parabolic Flight Campaigns of the European Space Agency, a few weeks after the control session. Each Parabolic Flight Campaign consisted of three flights; each flight was composed of 31 parabolic maneuvers; each parabola generated a sequence of 22 s of weightlessness preceded and followed by sequences of 20 s of hypergravity (Ϸ1.8 g); each participant had experienced at least 15 parabolas before performing the task. During each period of weightlessness, subjects performed two to four CMJs during which the simulated gravity was generated by applying a pull-down force to the trunk by means of a Subject Loading System (SLS) (10) . The SLS used here is the same as the one described by Gambelli et al. (9) . It consisted of two pneumatic pistons generating a pull-down force transmitted via ropes to a harness worn by the subject. Each rope passed through a pulley equipped with a force transducer measuring the vertical component of pull-down traction Each parabolic maneuver was interspersed by a rest period of at least 1 min. Note that subject 6 was excluded from the general 0.2-g0 condition analysis because in this specific condition the first contact with the ground was always followed by one or several aerial phases (no. in parentheses in Table 1 ).
The acceleration of the aircraft was measured by three accelerometers (cutoff frequency of 2.5 Hz; DS-Europe) positioned at the bottom of the experimental setup. Before each Flight Campaign, accelerometers were calibrated between 0 and 1 g by orienting the sensors in different positions on Earth. The accelerometers had a cross talk of ϳ1% between the different axes, likely because of an imprecision in the alignment of the accelerometers. The average acceleration inside of the aircraft was 0.09 Ϯ 0.03 m/s (n ϭ 490) along its fore-aft axis, Ϫ0.00004 Ϯ 0.04 m/s along its lateral axis, and Ϫ0.07 Ϯ 0.14 m/s along the axis perpendicular to the floor of the aircraft (a v).
Experimental Setup
Measurement of the vertical ground reaction force. The vertical and fore-aft components of the ground reaction force were measured Measurement of the kinematics of the lower limb segments. The movements of the left lower limb segments were measured in the sagittal plane by means of a video camera (resolution 486 ϫ 646 pixels, sampling frequency of 100 Hz; BASLER piA640-210), placed at 3 m from the side of the force platform and perpendicular to the sagittal plane. Reflective markers were taped on the skin on the following anatomical landmarks: chin-neck intercept, greater trochanter, upper part of the lateral side of the thigh, lateral condyle of femur, lateral malleolus, and fifth metatarsal phalangeal joint.
Measurement of the electromyographic activity. The electric activity of six muscles of the left lower limb was recorded by means of surface EMG using bipolar electrodes (diameter: 30 mm, interelectrode distance: 20 mm; IMMED E111). Electrodes were placed according to the SENIAM recommendations on the tibialis anterior (TA), peroneus brevis (PB), gastrocnemius lateralis (GL), soleus (Sol), vastus lateralis (VL), and biceps femoris (BF) muscles after cleaning the skin with ether and alcohol. The electrodes were connected to a MyoSystem 1400L (gain: 60 dB; input impedance: 100 M⍀; common mode rejection ratio at 50 -60 Hz: Ϫ100 dB; bandpass: 10 -500 Hz; Noraxon).
Signal Processing
The force and EMG signals were digitized with a 16-bit resolution analog-to-digital convertor (NI PCI 6229; National Instruments, Austin, TX) at a sampling frequency of 1,000 Hz and were synchronized to the camera images by means of a trigger signal. Custom software (LABVIEW 2010; National Instruments) was used to acquire and process data.
Computation of the vertical acceleration, velocity, and displacement of the center of mass of the body. Each trial started with the subject standing still and ended when the subject returned to the initial standing position after the CMJ. During the 1-g session, the vertical acceleration of the center of mass of the body (az) was computed at each instant as a z ϭ (Fz Ϫ body wt)/m, where m is the body mass. During the g0 session, az was computed as az ϭ (Fz Ϫ Ft Ϫ avm)/m. Next, the vertical velocity of the center of mass of the body (Vz) was computed as the time integration of a z from the beginning until the end of the jump with an integration constant equal to zero, since the average vertical velocity was nil over the entire CMJ. Finally, the vertical position of the center of mass of the body (COM) relative to the standing position (Sz) was computed as the time integration of Vz. During a CMJ on Earth, the average vertical force exerted on the ground equals the body weight, so the average vertical acceleration of the COM is nil. This holds true in the weightlessness environment by considering the body weight to be the average vertical pull-down force. Because of the cumulated errors of measurement from the different devices (see above), the term Fz Ϫ Ft Ϫ avm was slightly different from zero, and the error was quantified. The average absolute error was 8.71 Ϯ 14.24 N (n ϭ 490), corresponding to 0.014 Ϯ 0.022 body wt. The maximum error was 10.36 Ϯ 6.84 N (n ϭ 165) in the 1-g0 condition, corresponding to 0.016 Ϯ 0.009 body wt.
Time division of the CMJ. The aerial phase (taer) was defined as the period between takeoff (last point where Fz/body wt Ͼ0.01) and TD (last point where Fz/body wt Ͻ0.01). The landing period was divided as follows: land1, period between TD and the instant at which Fz reached its maximum (Fz-peak) and land2, period between Fz-peak and the instant at which the COM reached its lowest point, i.e., Fig. 2 . Effect of the experimental conditions on kinetic and kinematic variables. The grand mean of all subjects and 1 SD are presented for each gravity level condition. White squares, 1-g condition in the laboratory on Earth; black squares, 0.2-, 0.4-, 0.6-, and 1-g0 conditions in the aircraft. Top (from left to right): aerial time (taer), vertical velocity of the COM at TD (Vz-TD), and height of the jump (Sz-max). Middle (from left to right): angle at TD of the hip, the knee, and the ankle joints. Bottom (from left to right): peak of vertical ground reaction force normalized in body wt on Earth (Fz-peak), loading rate normalized in body wt on Earth, and vertical COM deflection during landing (⌬Sz). *Significant difference between 1 g0-and 1-g condition.
G Significant effect of the gravity level. See Table 2 (2). During land2 and until the subject has returned to his standing position, the relationship between Fz and Sz is not linear anymore, and, by the end of this phase, Vz is reduced to zero (also see Ref. 9). In such task, Dyhre-Poulsen et al. (8) suggested that the muscular behavior should change from a spring to a damper during landing to dissipate energy and to avoid rebounding on the ground. Therefore, we divided the landing phase in the following two parts: first a phase during which lower limb muscles were acting like a single linear spring (land 1) and second a phase during which muscles were acting like a damped harmonic oscillator (between Fz-peak and the end of the jump). This model has been first presented and validated by Gambelli et al. (9) , and was shown to better characterize the landing than a spring-damp model using the differential equation of motion like Newman et al. (22) .
The mass-specific overall stiffness during land 1 (k1) of the springmass system was calculated as the slope of the az-Sz curve, computed by a linear regression. The mass-specific overall stiffness (k2) and the mass-specific damping coefficient (c2) of the system were estimated during the second part of landing, using a regression model. At each instant i, a z(i) ϭ k2Sz(i) ϩ c2Vz(i) ϩ intercept was the general equation of a damped harmonic oscillator, where az(i), Sz(i), and Vz(i) were the experimental data at the instant i. In this way, n equations were produced, where n was the number of samples of the second part of the landing. To obtain k2 and c2, the least-square solution of this set of equations was searched.
Kinematic signal processing. Coordinates of the reflective markers in the sagittal plane were measured using a semiautomatic pointtracking software (Lynxzone, Arsalis). A spline function was fitted through the position data sampled at 100 Hz to smoothen and interpolate the signal up to 1,000 Hz. The joint angles of the hip, knee, and ankle were calculated as the angle between segments at each instant (26) .
EMG signal processing. The EMG signals were filtered with a fourth-order zero-phase-shift Butterworth digital filter bandpass (20 -500 Hz) and then rectified. In each experimental condition, the raw rectified EMGs of a given subject were synchronized to TD and averaged point-by-point to obtain the subject's mean trace. Next, for each experimental condition, all subjects' mean traces were averaged over periods of 5 ms to obtain a grand mean trace by experimental condition.
The average EMG amplitude was calculated in the g0 conditions for each muscle trial-by-trial during 100 ms before TD (EMGpre; see Ref. 25 ) and during landing (EMGlanding). Next, these two variables were expressed as a percentage of the corresponding average EMG amplitude calculated in the 1-g0 condition.
Variability. In each experimental condition, the variability of the kinetic and kinematic variables was calculated subject-by-subject using the "intrasubject" coefficient of variation. Subsequently, the values of all participants were averaged (grand mean). 
taer, Aerial phase; Sz-max, height of the jump; Vz-TD, vertical velocity at touchdown; Fz-peak, vertical peak ground reaction force; ⌬Sz, vertical COM deflection during landing; k1, mass-specific overall stiffness during the first part of landing; k2, mass-specific overall stiffness; c2, mass-specific damping coefficient during the second part of landing. 
Data Reduction and Statistics
During the g0 sessions, trials of the first parabola were systematically discarded. Only successful trials (see definition of nonvalid trials above) of subsequent parabolas were analyzed (Table 1) . A first statistical analysis was designed to assess the effect of the environment (1-g 0 and 1-g conditions), and a second one was designed to assess the effect of the gravity level (1-, 0.6-, 0.4-, and 0.2-g0 conditions). Because the same subjects participated in both sessions (Table 1) , and because the landing strategy may differ from one subject to another, a within-subject analysis of variance (ANOVA) was selected. Specifically, a one-level linear mixed-model ANOVA with Bonferroni post hoc tests was applied for both analyses: the experimental condition was set as a fixed effect (1-g 0 and 1-g condition for the first analysis; 1-, 0.6-, 0.4-, and 0.2-g0 condition for the second analysis) and the subject was set as a random effect on the trials analyzed. When comparing the 1-g0 with the 1-g condition, the coefficient of variation was assessed with a t-test, whereas, when comparing the gravity levels in g0 conditions, the coefficient of variation was assessed with a one-level linear mixed-model ANOVA. The normality of the residuals was checked visually with QQ-plots, and normality of the residuals was not assumed if asymmetry was superior than 1.5 (or inferior than Ϫ1.5). Normality of the residuals was not assumed for nine variables (k 1, loading rate, Solpre, GLpre, PBpre, TApre, Sollanding, GLlanding, and BFlanding). In those cases, a log10 transform was applied. Normality of the residuals was then rechecked. The significance level was fixed at P Ͻ 0.05. Effect size values for the coefficient of variation's t-test between 1-g0 and 1-g conditions are given by Cohen's d. In the other cases (where a mixed-model ANOVA was applied), the effect size values are given by partial eta 2 . The trials of each subject in each experimental condition were averaged. The mean and SD of the ensuing averages were then calculated (grand mean) and are presented in the results and Figs. 1-5. Note that an additional separate analysis was conducted on the data of participant 6 in the 0.2-g 0 condition where the first contact with the ground was always followed by one or several aerial phases.
RESULTS
Landing from a Jump in 1-g 0 Condition Compared with 1-g Condition
The left and middle columns of Fig. 1 present typical traces of CMJs in 1-g and in 1-g 0 conditions, respectively. At first glance, the general pattern of the CMJ does not seem drastically modified in 1-g 0 condition compared with 1-g condition. However, almost all kinetics, kinematics, and EMG variables are in fact affected by the experimental condition. Hence, the aerial phase (t aer ), the maximal height 1-g condition in the laboratory on Earth. The curves of each individual subject obtained in the same experimental condition were synchronized on TD and averaged. Next, the curves of the different subjects in one particular experimental condition were averaged (grand mean) over periods of 5 ms (see METHODS).
of the jump (S z-max ), and the vertical velocity at touchdown (V z-TD ) are reduced by ϳ136 ms, ϳ0.14 m, and ϳ0.65 m/s, respectively (Fig. 2 and Tables 2 and 3) . Furthermore, the participants subjectively reported that they felt "heavier" in 1-g 0 condition compared with 1-g condition. At TD, the knee and ankle joints are more flexed by ϳ1°and ϳ9°, respectively, in 1-g 0 condition, whereas the angle of the hip is not modified (Fig. 2 and Tables 2 and 3 ). After touching the ground, F z-peak is reduced by ϳ0.3 body wt, whereas the loading rate is almost doubled in 1-g 0 condition. The COM deflection during landing (from TD until the lowest vertical position of the COM, ⌬S z ) is reduced by ϳ0.10 m in 1-g 0 condition ( Fig. 2 and Tables 2 and 3 ). In 1-g 0 condition, the coefficients of variation of t aer , S z-max , V z-TD , F z-peak , the loading rate, and ⌬S z are increased by ϳ250, 230, 230, 40, 200, and 160%, respectively (Tables 4 and 5 ). In contrast, the coefficients of variation of the joint angles at TD are not modified. Figure 3 shows synchronized and averaged EMG traces in 1-g 0 and 1-g conditions. For clarity, the EMG traces are presented with positive values for the 1-g 0 conditions and negative values for the 1-g condition. One can observe some EMG activity before and after TD in both conditions. The EMG patterns are modified in 1-g 0 condition: EMG activity before TD seems diminished, whereas EMG activity after TD seems augmented compared with 1-g condition.
Effect of Decreasing Gravity Level from 1-g 0 Condition down to 0.2-g 0 Condition
The middle and right columns of Fig. 1 present typical traces of CMJs in 1-g 0 and in 0.2-g 0 conditions. One can observe several differences when decreasing the gravity level down to 0.2 g 0 : t aer and S z-max are increased, F z-peak is decreased, and the EMG activities before and after TD are drastically reduced. The participants subjectively reported that it was difficult to stabilize in 0.2-g 0 condition. According to the inclusion criteria detailed in the METHODS, landings are successful in 100% of cases in 1-g, 83% in 1-g 0 , 94% in 0.6-g 0 , 88% in 0.4-g 0 , and 70% in 0.2-g 0 conditions.
In 0.2-g 0 condition, t aer and S z-max are increased up to 924 Ϯ 91 ms and 0.30 Ϯ 0.04 m, respectively, compared with 1-g 0 condition ( Fig. 2 and Tables 2 and 6 ). These are not maximal values because the jump height was limited by the ceiling of the aircraft, allowing a maximal jump height of 0.40 m for the average participants' height of 1.70 Ϯ 0.04 m. At TD, V z-TD is decreased, and the lower limb joints are more extended when decreasing gravity (Fig. 2 and Tables 2 and 6 ). However, this effect is less clear on the hip joint (Fig. 2) , and post hoc test reveals that a significant difference exists only between the 1-and 0.6-g 0 conditions. Both F z-peak and the loading rate are decreased when gravity decreases, yielding in 0.2-g 0 condition values of 0.9 Ϯ 0.4 body wt and 11 Ϯ 12 body wt/s, respectively ( Fig. 2 and Tables 2 and 6 ). There is an effect of the gravity level on ⌬S z : ⌬S z increases between the 1-g 0 and the 0.6-g 0 condition, but decreases between the 0.6-g 0 and the 0.2-g 0 condition (Fig. 2 and Tables 2 and 6 ).
There is no effect of gravity level on the coefficient of variation of t aer , V z-TD , hip and ankle angles at TD, loading rate, and ⌬S z (Tables 4 and 5 ). In contrast, there is an effect of gravity level on the coefficients of variation of S z-max , F z-peak , and of the knee angle at TD.
Qualitative assessment of EMG activity reveals a gradient dependent on the gravity level in all muscles (Fig. 3) . The quantitative assessment confirms that the EMG pre and EMG landing activities are both decreased when decreasing gravity (Fig. 4 and Table 6 ).
Modeling the Landing in All Experimental Conditions
On Earth, the spring-mass model computed during land 1 yields an average r 2 of 0.90 Ϯ 0.01, and the damped harmonic oscillator model computed between F z-peak and the end of the jump yields an average r 2 of 0.90 Ϯ 0.06 (n ϭ 200). The stiffness of the spring-mass system during land 1 (k 1 ) equals 177 Ϯ 70 · s
Ϫ2
; during the second part of the landing, the stiffness (k 2 ) and the damping coefficient (c 2 ) equals 41 Ϯ 50 · s Ϫ2 and 9 Ϯ 4 · s Ϫ2 , respectively ( Fig. 5 and Table 2 ). In the 1-g 0 condition, the model also shows a strong relationship with the experimental data: the fit to the experimental data yields an average r 2 of 0.86 Ϯ 0.11 and of 0.80 Ϯ 0.14 (n ϭ 165) for the spring-mass model and the damped harmonic oscillator model, respectively. The parameters estimated from the model are increased compared with the 1-g condition: k 1 by ϳ130%, k 2 by ϳ75%, and c 2 by ϳ20% (Fig. 5 and Tables 2  and 3 ).
The fit of the experimental data in microgravity (0.2-, 0.4-, and 0.6-g 0 conditions) yields an average r 2 of 0.83 Ϯ 0.12 for the spring-mass model and of 0.82 Ϯ 0.15 (n ϭ 325) for the damped harmonic oscillator model. When decreasing the gravity level, k 1 , k 2 , and c 2 are decreased down to 122 Ϯ 147 · s Ϫ2 , , respectively, in 0.2-g 0 condition ( Fig. 5 and Tables 2 and 6 ). The data of subject 6 in 0.2-g 0 condition are presented in gray in Fig. 5: k 1 , k 2 , and c 2 are increased by ϳ100, 400, and 30% relative to the average value of successful landings, respectively. The fit of the experimental data of subject 6 yields an average r 2 of 0.89 Ϯ 0.11 and of 0.63 Ϯ 0.21 (n ϭ 19) for the spring-mass model and the damped harmonic oscillator model, respectively.
DISCUSSION
The purpose of this study is to assess the influence of the environment (1-g 0 vs. 1-g conditions) and of simulated gravity levels (g 0 conditions), which represent conditions of modified otolithic and proprioceptive inputs. Our results show that participants are able to jump and control landing in all experimental conditions (except subject 6 in 0.2-g 0 condition), but their landing strategy is modified. The rate of successful landings is the poorest in 0.2-g 0 condition (70%), although the participants already experienced at least 15 parabolas and performed CMJs in 1-, 0.6-, and 0.4-g 0 conditions (i.e., at least 12 additional parabolas). Therefore, the difficulty to stabilize under Moon's simulated gravity could be attributed to the low simulated gravity level rather than to the inexperience of the participants in the weightlessness environment. In contrast, the second poorest rate of successful landings is observed in 1-g 0 condition (83%) and could be partly attributed to the inexperience of the participants in the weightlessness environment, since it is the first microgravity condition in which the participants performed CMJs.
One of the prerequisites for successful landing is that both feet must stay in contact with the ground until the end of the movement. This implies that the impact on the ground must be attenuated and that the mechanical energy accumulated during the fall must be dissipated after TD. We have previously shown that a model assuming that muscles change the overall mechanical properties of the lower limb describes well the biomechanics of landing from a CMJ on Earth and in hypergravity conditions (9) . Here we show that this model also yields good fit in hypogravity (g 0 conditions). The values of the parameters estimated from this model suggest that the lower limb muscular properties changed from a stiff spring (k 1 ) during the first part of landing to a compliant spring (k 2 ) associated with a damper (c 2 ) during the second part of the landing (Fig. 5) , whatever the gravity level.
Effect of the Environment (1-and 1-g 0 Conditions)
In 1-g 0 condition, the participants reach smaller jump height compared with 1-g condition. It could be because of factors inherent to the experimental conditions: 1) the environment itself (aircraft); 2) the fact that the pull-down force is applied on the pelvis and shoulders; or 3) the variations of the pulldown force throughout the jump. The latter factor includes friction and inertia in the pistons, as well as pressure drops in the pneumatic system, which leads to a F t greater than expected when the subject moves upward (average value of 1.25 Ϯ 0.09 body wt) and smaller when the subject moves downward (average value of 0.92 Ϯ 0.05 body wt). Nevertheless, the fact that, in 1-g 0 condition, subjects did not jump as high as in 1 g cannot be attributed to their inability to push against a pull-down force of 1.25 g. Indeed, Gambelli et al. (9) reported similar CMJ heights (ϳ0.18 m) in simulated hypergravity of 1.52 g.
In 1-g 0 condition, the knee and the ankle joints at TD are more flexed compared with 1-g condition (Fig. 2) . As suggested by Gambelli et al. (9) , who reported similar preparatory adaptations in landings in hypergravity, the greater ankle flexion at TD may increase the stability during landing (18) .
The overall leg spring stiffness (k 1 and k 2 ) is increased in 1-g 0 condition compared with 1 g (Fig. 5) . Interestingly, k 1 in 1-g 0 condition is equivalent to the k 1 observed at 1.6 g by Gambelli et al. (9) . The increased stiffness may be the result of the decreased COM deflection and the increased dorsiflexion of the ankle at TD (Fig. 2) as reported in hypergravity conditions (9) . This "extra" stiffness in 1-g 0 condition could reflect a strategy of augmented safety margin as reported in landings without vision (26) , which could come from a perceptual error of the magnitude of the pull-down force applied on the trunk. It could also result from a sensory conflict between the magnitude of the pull-down force providing proprioceptive inputs of ϳ1 body wt and the weightlessness environment providing static otolithic inputs of zero.
It has been suggested that the otolithic system provides critical information to predict the instant of TD, and contributes to generate appropriate muscular activity to cope with the forthcoming impact forces (19, 24) . McKinley and Smith (19) reported that, after labyrinthectomy, cats jumped down "awkwardly" and touched the ground with their tummy. They also observed that the prelanding EMG amplitude of extensor muscles was decreased in these cats. In the current study, similar modifications of the EMG pattern are observed (Fig. 3 ) and could be a consequence of an altered perception of the instant of TD likely resulting from modified otolithic inputs.
All of these observations suggest that jump landings in 1-g 0 condition do not reproduce the motor control of landing on Earth. However, we notice that, in 1-g 0 condition, landing from a CMJ could be a potential countermeasure to prevent bone loss in long-duration spaceflights. As mentioned by Cavanagh et al. (3) , increasing mechanical loading is vital to decrease bone loss of spaceflight crewmembers, and the current exercise duration and/or loading were insufficient to prevent bone loss in the International Space Station. Additionally, De Witt and Ploutz-Snyder (4) recently reported during running on the treadmill of the International Space Station that the range of impact forces was 0.7-1.9 body wt and that the range of loading rates was 14 -34 body wt/s, way below values obtained during running on Earth (10). Compared with landing on Earth, our results in 1-g 0 condition show similar impact forces (ϳ3 body wt) and almost doubled loading rates (ϳ61 body wt/s) (Fig. 2) .
Effect of the Gravity Level
Jump height under simulated gravity conditions in weightlessness is always inferior to the jump height on Earth (Fig. 2) , this is, at least in part, the result of technical and safety constraints. The ceiling of the aircraft is at 2.1 m from the surface of the force platform, allowing a maximal jump height of about 0.40 m for our participants (average height 1.70 Ϯ 0.04 m) who have been instructed not to touch the ceiling.
The predictive motor command has been shown on Earth in landings under various conditions, such as the height of jump, compliance of the ground surface, and absence of vision (24, 28) . More precisely, this preprogrammed motor control of landing is adapted to the task constraints, i.e., a decrease of the Fig. 5 . Effect of the experimental conditions on k1, k2, and c2 coefficients. The grand mean of all subjects and 1 SD are presented for each gravity condition. White squares, 1-g condition in the laboratory on Earth; black squares, g0 conditions in the aircraft; gray circles, mean value of subject 6 in 0.2-g0 condition. Left, the overall mass-specific stiffness k1 generated by the lower limb muscles during land1. Right, the overall mass-specific stiffness k2 and damping coefficient c2 generated by the lower limb muscles during the second part of landing. *Significant difference between 1-g0-and 1-g condition.
G Significant effect of the gravity level. See Table 2 for values of each parameter.
height of drop on Earth induces a parallel reduction of flexor and extensor muscular activities before and after TD (1, 25, 26) . In the current study, we observe with decreased gravity level a reduction of flexor and extensor muscular activities before and after TD, together with a greater knee extension and ankle plantar-flexion at TD (Figs. 2, 3, and 4 ). This suggests that proprioceptive inputs from lower limbs during the push phase, as well as inputs from cutaneous receptors sensitive to the SLS-pull-down force applied to the trunk and from the otholitic system during the aerial phase, associated with visual inputs may provide sufficient information for adapting the body configuration at TD and the muscular activity, according to the gravity constraint. Interestingly, we did not observe this phenomenon in hypergravity (9) where the EMG activity seems to yield a plateau, whereas it is continuously adjusted in hypogravity. This suggests that the central nervous system adapts the landing command to the gravitational constraint both in hypergravity (9) and in hypogravity, although the distinctive adaptation enlightens that the landing command does not follow the "principle of continuity" assuming modification in mirror around 1 g.
All together, we observe a reduction of the overall leg spring stiffness (k 1 and k 2 ) and the damping coefficient (c 2 , Fig. 5 ), together with an increased extension of the lower limb joints at TD (Fig. 2) and a decreased EMG amplitude before and after TD (Fig. 4) under decreased gravity levels, indicating an adjustment of the mechanical properties of the lower limb muscles. Although the values of all parameters of the model decrease, k 1 remains at least three times greater than k 2 , whatever the experimental condition (Fig. 5) . Interestingly, for subject 6 in 0.2-g 0 condition, k 1 is Ͻ1.5 times greater than k 2 , and the fit of the damped harmonic oscillator model (r 2 ϭ 0.63 Ϯ 0.21, n ϭ 19) is not as good as in successful landings (r 2 ϭ 0.83 Ϯ 0.11, n ϭ 81). The peculiar behavior of subject 6 illustrates that, to avoid rebounding after TD, the stiffness should be modulated throughout landing.
Variability
The intrasubject variability of the CMJ kinetic variables is increased in 1-g 0 condition (Tables 4 and 5 Our interpretation is that the conflict between what subjects expect from their internal representation of Earth's gravity and what they experience in the aircraft during the weightlessness period leads to a less consistent behavior. Another explanation could come from the small accelerations of the aircraft and the variability of F t (see METHODS). In contrast, the intrasubject variability of the kinematic variables (joint angles at TD) remains unchanged whatever the environment, inferring a differentiated control of the joint positioning during landing.
The intrasubject variability of the CMJs observed here seems more influenced by the weightlessness environment itself rather than by the diminished magnitude of the pull-down force. This observation is in contrast to the one of Ivanenko et al. (11) , who reported an increase of the intrasubject variability of the trajectory of the limb segments during walking in simulated reduced gravity, corroborating the fact that load feedbacks are dependent on the magnitude of the stimulus in locomotion (7) . The difference between the two studies could be related to the task and/or to the experimental conditions. The task studied here is a discrete task interspersed by pauses, performed in an aircraft during weightlessness periods with a loading system, whereas walking is a continuous cyclic task, performed on Earth with an unloading system.
In conclusion, the present data show that landing in weightlessness with simulated 1 g reveals an increased safety margin strategy illustrated by increased stiffness compared with landing on Earth. Additionally, humans can cope with several levels of simulated reduced gravity in a weightlessness environment, suggesting that, when necessary, humans can rely on visual and/or proprioceptive inputs before TD. The central nervous system is able to adjust the motor command according to the decreased task constraints. Finally, data from the 0.2-g 0 condition show that it is possible to land and stabilize from a jump in simulated Moon gravity, although 1) participants reported that it was "more difficult" to stabilize and 2) one participants always rebounded after TD.
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